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f i r s t stage generates a l t e r n a t i v e schedule sequences by i n t e r c h a n g i n g p a i r s o f schedule elements. The s e t o f a l t e r n a t i v e sequences can r e p r e s e n t nodes o f a d e c i s i o n t r e e ; each node i s reached v i a d e c i s i o n t o i n t e r c h a n g e j o b elements. The second s t a g e s e l e c t s t h e p a r e n t node f o r t h e n e x t genera t i o n o f a l t e r n a t i v e sequences t h r o u g h automated p a i r e d comparison o f o b j e c t i v e performance f o r a l l c u r r e n t nodes. An a p p l i c a t i o n o f t h e h e u r i s t i c t o communications s a t e l l i t e systems p l a n n i n g i s p r e s e n t e d .
. INTRODUCTION T h i s paper discusses an h e u r i s t i c approach t o s o l v i n g a c l a s s o f problems t h a t may be f o r m u l a t e d
as m u l t i o b j e c t i v e , n -j o b , 1-machine s c h e d u l i n g problems. The problem has n o b j e c t i v e s : t h e m i n i m i z a t i o n o f "job-to-job'' i n t e r f e r e n c e experi e n c e d by n j o b s t o be scheduled c o n s e c u t i v e l y on one machine. Job-to-job i n t e r f e r e n t e may r e p r e s e n t a v a r i e t y o f f a c t o r s which impede s c h e d u l i n g o f j o b s i n immediately a d j a c e n t t i m e s l o t s . I n a manu f a c t u r i n g environment, such a f a c t o r m i g h t be t h e need t o remove f i l i n g s from a work s u r f a c e between t h e machining o f p a r t s . As noted by I g n i z i o [41, e l e c t r o m a g n e t i c i n t e r f e r e n c e between communicat i o n s s i g n a l s may a l s o be modeled as j o b -t o -j o b i n t e r f e r e n c e , as i n t h e a p p l i c a t i o n presented h e r e . Improvement of an e x i s t i n g schedule i s sought, as opposed t o a b s o l u t e o p t i m a l i t y ; t h e r e f o r e , an heur i s t i c approach i s s u i t a b l e . A two-stage h e u r i s t i c procedure i s d e s c r i b e d . The f i r s t stage generates a l t e r n a t i v e schedule sequences v i a an h e u r i s t i c swapping procedure, which i n t e r c h a n g e s p a i r s of schedule elements ( j o b s ) . The s e t o f a l t e r n a t i v e arrangements t h a t may be d e r i v e d from an e x i s t i n g arrangement can r e p r e s e n t nodes o f a d e c i s i o n t r e e ; t h u s , each node i s reachable v i a a d e c i s i o n to i n t e r c h a n g e two j o b elements i n t h e e x i s t i n g arrangement. enumerates a l l d e c i s i o n t r e e nodes reachable from t h e c u r r e n t arrangement. The second stage o f t h e The f i r s t stage o f t h e h e u r i s t i c h e u r i s t i c s e l e c t s t h e most p r o m i s i n g p o t e n t i a l pare n t node from those enumerated by t h e f i r s t stage, through automated p a i r e d comparison o f a l l c u r r e n t l e v e l nodes, f o r t h e n e x t g e n e r a t i o n o f a l t e r n a t i v e schedules.
An e x t e n s i v e body of l i t e r a t u r e e x i s t s for scheduling problems i n general (e.g., see Graves' survey 131) and f o r n-job, 1-machine s c h e d u l i n g / sequencing problems i n p a r t i c u l a r . Proposed solut i o n techniques have i n c l u d e d goal programming C41 and dynamic programming [ill 
as w e l l as more t r ad i t i o n a l methods a p p l i e d t o a l t e r n a t i v e problem f o r m u l a t i o n s [ E l . S t r a t e g i e s f o r r e d u c i n g t h e s o l u t i o n space o f p o s s i b l e sequences and schedules, o r improving e f f i c i e n c y o f search a l g o r i t h m s v i a the e x p l o i t a t i o n o f precedence c o n s t r a i n t s and/or dominance concepts appear i n [ll, 121, C51, C91, and C111. E x t e n s i v e work has been performed on t h e use o f i n t e r a c t i v e p a i r e d comparison o f a l t e r n a t i v e o p t i o n s t o o b t a i n i n f o r m a t i o n about p r e f e r e n c e r e l a t i o n s h i p s , as d e s c r i b e d i n C61.
The approach presented i n t h i s paper e x p l o i t s precedence cons t r a i n t s , a p a r t i c u l a r dominance concept, and automated p a i r e d comparison. The technique can thus be s a i d t o r e p r e s e n t a h y b r i d i z a t i o n o f s o l u t i o n g e n e r a t i o n and u t i l i t y assessment techniquesapproaches t h a t a r e g e n e r a l l y u t i l i z e d independ e n t l y o f one a n o t h e r . w i t h i n a module o f a computer software package designed for communications s a t e l l i t e systems p l a nn i n g : t h e Numerical Arc Segmentation A l g o r i t h m f o r a Radio Conference (NASARC) [12,131. Center as a p l a n n i n g tool f o r t h e 1988 Space World A d m i n i s t r a t i v e Radio Conference, t h e package i s designed t o develop o r b i t a l a r c segments t h a t a r e shared by groups o f s a t e l l i t e s . I n g e n e r a l , s a t e ll i t e s a l l o t t e d t o d i f f e r e n t a r c segments w i l l pose a p o t e n t i a l l y harmful l e v e l o f i n t e r f e r e n c e t o one a n o t h e r ; t h u s , t h e p r o x i m i t y o f t h e i r r e s p e c t i v e a r c segments w i l l a f f e c t t h e l e v e l o f i n t e r f e r e n c e experienced by s a t e l l i t e s w i t h i n each segment. An e x a c t p a r a l l e l e x i s t s between t h e problem o f develo p i n g an arrangement o f o r b i t a l a r c segments t h a t minimizes such segment-to-segment i n t e r f e r e n c e , and t h e n-job, 1-machine s c h e d u l i n g problem where t h e goal i s t o m i n i m i z e t h e l e v e l o f j o b -t o -j o b i n t e rf e r e n c e experienced by a l l j o b s .
The h e u r i s t i c d e s c r i b e d has been implemented O r i g i n a l l y developed a t NASA/Lewis Research 2. REPRESENTATION OF THE SCHEDULING PROBLEM AS A DECISION TREE Prior t o d i s c u s s i o n o f t h e h e u r i s t i c i n more d e t a i l , i t i s a p p r o p r i a t e t o l a y t h e groundwork f o r t h e a l g o r i t h m by r e p r e s e n t i n g t h e n-job, 1-machine s c h e d u l i n g problem as a d e c i s i o n t r e e search problem. s t a t e d i n general terms, as f o l l o w s : g i v e n n j o b s to be scheduled on one machine, determine t h e b e s t schedule w i t h r e s p e c t t o one o r more o p t i m a li t y c r i t e r i a , s u b j e c t to c o n s t r a i n t s imposed upon t h e t i m e s l o t s a v a i l a b l e t o each j o b . I f we may t r e a t schedules as sequences, a d i r e c t (though n o t one-to-one) mapping o f t h e s e t o f a l l p o s s i b l e s o l u t i o n s to a d e c i s i o n t r e e e x i s t s .
Without l o s s o f g e n e r a l i t y , i t i s assumed t h a t some i n i t i a l sequence e x i s t s . T h i s i n i t i a l o r d e ri n g o f j o b s may be regarded as t h e s i n g l e " p a r e n t " node f o r a d e c i s i o n t r e e . Each d i r e c t descendant o f t h e i n i t i a l p a r e n t sequence w i l l be reached by a s i n g l e two-job p e r m u t a t i o n , or i n t e r c h a n g e , i n t h e o r d e r i n which j o b s a r e to be performed -s i m i l a r t o t h a t d e s c r i b e d by Emmons C11, P i c a r d e t a l . 181, or R e i t e r e t a l . C91. Thus, i f o u r i n i t i a l schedu l e i s r e p r e s e n t e d by an o r d e r i n g (1, 2, ..., n), t h e n e x t g e n e r a t i o n w i l l c o n s i s t o f [ ; ] p o s s i b l e schedules. I f each node i n t h i s g e n e r a t i o n were t o be t r e a t e d as a p o t e n t i a l p a r e n t node, t h e f o ll o w i n g (second) g e n e r a t i o n would c o n t a i n [!I2 poss i b l e o r d e r i n g s . w i l l c o n t a i n [;Ik nodes, each o f which r e p r e s e n t s a p o s s i b l e schedule. I t i s c l e a r t h a t no l o s s of g e n e r a l i t y i s experienced i n t h e assumption o f an i n i t i a l o r d e r i n g ; e v e n t u a l l y a l l ( n ! ) p o s s i b l e schedules w i l l each be r e p r e s e n t e d by one or more nodes I n t h e d e c i s i o n t r e e . T h i s concept i s i l l u st r a t e d i n F i g . 1.
The t h r e e -j o b example presented i n F i g . 1 i l l u s t r a t e s some p o t e n t i a l drawbacks o f t h i s repr e s e n t a t i o n o f t h e s c h e d u l i n g problem. Schedules may be d u p l i c a t e d a t s e v e r a l nodes, and t h e d e c is i o n t r e e w i l l grow e x p l o s i v e l y as t h e number of j o b s i n c r e a s e s . However, t h e i s s u e o f f e a s i b i l i t y has n o t y e t been d e a l t w i t h . I t i s expected t h a t some i n t e r c h a n g e s o f j o b s w i t h i n t h e schedule w i l l be p r o h i b i t e d by v i r t u e o f t i m e c o n s t r a i n t s t h a t r e s t r i c t when these j o b s may be performed, i . e . , precedence c o n s t r a i n t s . I n f a c t , some j o b s may be e f f e c t i v e l y f i x e d w i t h i n t h e schedule i f t h e i r feas i b l e t i m e s a r e s u f f i c i e n t l y r e s t r i c t e d . The numb e r o f f e a s i b l e schedules o f n j o b s f o r a g i v e n problem may t h u s be s i g n i f i c a n t l y l e s s t h a n ( n ! ) , as n o t e d by Emmons [ll, E r s c h l e r e t a l . 123, and Pasch 171. Interchanges t h a t a r e i n f e a s i b l e need n o t be r e p r e s e n t e d w i t h i n t h e d e c i s i o n t r e e , which w i l l reduce b o t h t h e t o t a l number o f nodes and t h e number o f nodes r e p r e s e n t i n g d u p l i c a t e schedules.
The s i z e o f t h e d e c i s i o n t r e e i s a l s o i n f l uenced by e f f i c i e n t enumeration o f d e c i s i o n t r e e nodes. Enumerating o n l y those nodes meeting an e f f i c i e n c y c r i t e r i o n w i l l e f f e c t f u r t h e r r e d u c t i o n s o f d e c i s i o n t r e e s i z e . E f f i c i e n t enumeration of d e c i s i o n t r e e nodes i s addressed i n two ways by t h e h e u r i s t i c . F i r s t , i n any new g e n e r a t i o n o f nodes,
The s c h e d u l i n g problem addressed h e r e may be I n g e n e r a l , t h e k t h g e n e r a t i o n o n l y those nodes t h a t r e p r e s e n t schedules t h a t improve upon ( i . e . , dominate) t h e schedule o f t h e p a r e n t node a r e enumerated (Stage I). Second, enum e r a t i o n o f t h e n e x t g e n e r a t i o n o f nodes s t a r t s from t h e s i n g l e most p r o m i s i n g (most dominant) pare n t node o f t h e c u r r e n t g e n e r a t i o n (Stage 11). e f f i c i e n c y o f enumeration i s a l s o addressed i n Emmons [ l l , E r s c h l e r e t a l . [21, and P i c a r d e t a l . C81.
The use o f dominance concepts i n improving 3. HEURISTIC STAGE I: ENUMERATION OF DECISION TREE NODES We wish t o enumerate o n l y those nodes t h a t s a t i s f y c r i t e r i a for b o t h f e a s i b i l i t y and e f f ic i e n c y . Stage I o f t h e h e u r i s t i c accomplishes t h i s purpose by comparing p r o j e c t e d o b j e c t i v e f u n c t i o n performance o f p o t e n t i a l new nodes w i t h t h e o b j e ct i v e f u n c t i o n values o f t h e p a r e n t node. New nodes which dominate t h e p a r e n t node a r e generated; nodes which d o n o t a r e d i s c a r d e d . O n l y nodes which a r e t h e p r o d u c t o f f e a s i b l e i n t e r c h a n g e s a r e assessed. be begun ( c o n s t a n t ) be completed ( c o n s t a n t )
T l i e a r l i e s t f e a s i b l e t i m e a t which j o b i may 
{O o t h e r w i s e }
The s e t o f n o b j e c t i v e s ( 3 . 1 ) c o n s i s t s o f m i n i m i z a t i o n o f t h e degree o f j o b -t o -j o b i n t e r f e rence experienced by each j o b . C o n s t r a i n t s ( 3 . 2 ) and (3.3) ensure t h a t t h e time s l o t s found for a l l j o b s i f a l l w i t h i n t h e time l i m i t s f e a s i b l e f o r each j o b . C o n s t r a i n t s e t (3.4) ensures t h a t t h e t i m e s l o t scheduled for each j o b i i s o f e x a c t l y t h e r e q u i r e d l e n g t h . C o n s t r a i n t s e t (3.5) ensures t h a t e x a c t l y one j o b i i s assigned t o each p o s i t i o n i n t h e scheduled o r d e r i n g of j o b s . C o n s t r a i n t s ( 3 . 6 ) e n f o r c e non-overlap of t i m e i n t e r v a l s a l l o t t e d f o r j o b s 1 to n. C o n s t r a i n t s (3.7) e n f o r c e i n t e g r a li t y o f t h e x i k , and c o n s t r a i n t s ( 3 . 8 ) e n f o r c e n o n n e g a t i v i t y .
We d e f i n e f e a s i b i l i t y c o n d i t i o n s f o r t h e i n t e r c h a n g e o f two j o b s w i t h i n an e x i s t i n g sequence i n terms of t h e problem j u s t presented. An i n t e rchange of j o b s i and j i s f e a s i b l e i f and o n l y i f t h e f o l l o w i n g t h r e e c o n d i t i o n s a r e met:
C o n d i t i o n (3.9) guarantees t h a t t h e i n t e r s e ct i o n o f t h e a l l o w a b l e time i n t e r v a l s f o r performance of j o b s i and j i s o f a t l e a s t t h e l e n g t h o f t i m e r e q u i r e d t o complete b o t h j o b s .
(3.10) and (3.11) ensure t h a t t h e i n t e r s e c t i o n o f t h e f e a s i b l e time i n t e r v a l s f o r j o b s i and j encompasses b o t h of t h e t i m e i n t e r v a l s a l l o t t e d t o j o b s i and j . Note t h a t a s l i g h t l y d i f f e r e n t i n t e r p r e t a t i o n may be g i v e n t o t h e v a r i a b l e s t l i , t z i , t l . , and t 2 ' : t h e v a l u e s of these v a r i a b l e s d e f i n e $he c u r r e n i t i m e i n t e r v a l s a l l o t t e d t o j o b s i and j . Thus, compliance w i t h c o n d i t i o n s (3.10) and (3.11) i m p l i e s t h a t t h e c u r r e n t t i m e s l o t s f o r j o b s i and j may be i n t e r c h a n g e d i n o r d e r and s t i l l remain w i t h i n f e a s i b l e l i m i t s i n b o t h cases. C o n d i t i o n s (3.9) t o (3.11) a r e i l l u s t r a t e d i n F i g . 2.
C o n d i t i o n s ( 3 . 9 ) t o (3.11) may be a p p l i e d t o a l l p a i r s of j o b s i and j t o c o n s t r u c t a m a t r i x o f f e a s i b l e i n t e r c h a n g e s . The m a t r i x w i l l be square, b u t nonsymmetric. Each column corresponds t o a j o b i , and c o n t a i n s t h e j o b s j which may be interchanged w i t h j o b i . M a t r i x e n t r i e s a r e d e f i n e d as f o l l o w s : a j , i { j i f j o b j i s i n t e r c h a n g e a b l e w i t h 
{O o t h e r w i s e } By examining t h e m a t r i x , we can r e s t r i c t enum e r a t i o n of nodes t o those t h a t a r e t h e p r o d u c t o f f e a s i b l e interchanges.
I n examining t h e problem d e f i n e d by (3.1) t o ( 3 . 8 ) , we observe t h a t any f e a s i b l e s o l u t i o n w i l l have a corresponding o b j e c t i v e v e c t o r c o n t a i n i n g n elements. Our d e f i n i t i o n o f e f f i c i e n c y w i l l be based upon element-by-element comparison o f o b j e ct i v e v e c t o r s , b u t f i r s t i t i s a p p r o p r i a t e t o more c l e a r l y define t h e o b j e c t i v e s t o be c a l c u l a t e d .
Measures of v a r i o u s types o f i n t e r f e r e n c e between two elements may be expressed i n terms o f t h e s e p a r a t i o n between t h e two elements r e q u i r e d t o reduce the l e v e l of i n t e r f e r e n c e t o an accepta b l e l e v e l or t o e l i m i n a t e i t c o m p l e t e l y . A measu r e of t h i s t y p e i s o f t e n p r e f e r a b l e t o a r i g o r o u s computation of i n t e r f e r e n c e , as expressions f o r i n t e r f e r e n c e a r e o f t e n n o n l i n e a r . I f done on a worst-case b a s i s , measures o f t h i s t y p e have t h e a d d i t i o n a l advantage o f r e q u i r i n g a one-time a p r i o r i c a l c u l a t i o n , r a t h e r than c o n t i n u a l r e e v a l u at i o n o f a complicated expression.
We w i l l assume t h a t we have a v a i l a b l e (or can r e a d i l y c a l c u l a t e ) a m a t r i x o f r e q u i r e d minimal t i m e s e p a r a t i o n s between a l l p a i r s o f j o b s i and j , c a l c u l a t e d on t h e assumption t h a t j o b s i and j a r e a d j a c e n t i n t h e scheduled o r d e r o f j o b s . The r e q u i r e d t i m e s e p a r a t i o n w i l l t h u s be worstcase. The elements o f t h i s m a t r i x w i l l p r o v i d e t h e . of ( 3 . 1 ) , i . e . , a i j w i l l be t h e time r e q u i r e d t8jween f i n i s h i n g j o b 1 and s t a r t i n g j o b j i f j o b s i and j occupy a d j a c e n t p o s i t i o n s i n t h e scheduled o r d e r .
by c a l c u l a t i n g t h e r e s u l t i n g change i n a f f e c t e d 
) . Assuming t h a t t h e goal i s t o improve t h e o b j e c t i v e v a l u e f o r p o s i t i o n k , t h e new o b j e ct i v e value o b t a i n e d when j o b i i s interchanged w i t h j o b j i s c a l c u l a t e d f i r s t . I f t h e o b j e c t i v e v a l u e i s degraded, t h e interchange i s r e j e c t e d . I f t h e o b j e c t i v e v a l u e i s improved, t h e magnitude o f
t h e improvement i s c a l c u l a t e d t o be used as a standard o f r e f e r e n c e . Remaining a f f e c t e d o b j e c t i v e values a r e c a l c u l a t e d . I f any v a l u e i s degraded as a r e s u l t o f t h e interchanges of j o b s i and j , t h e d e g r a d a t i o n must be of lower magnitude t h a n t h e degree o f improvement gained i n o b j e c t i v e I f t h i s c r i t e r i o n i s n o t met, t h e i n t e r c h a n g e i s r e j e c t e d .
a new node (sequence) i s attempted. I f t h e l e n g t h o f t i m e r e q u i r e d f o r j o b s i n sequence p o s i t i o n s k and m a r e e q u a l , a d i r e c t swap o f t h e i r s l o t s i n t h e sequence may t a k e p l a c e . I t i s p o s s i b l e , i f the j o b s r e q u i r e d i f f e r e n t l e n g t h s o f time, t h a t one a v a i l a b l e time s l o t w i l l be o f i n s u f f i c i e n t l e n g t h t o a l l o w d i r e c t i n s e r t i o n o f a l o n g e r j o b . I n t h i s case, a simple a l g o r i t h m may be a p p l i e d t o l a t e r a l l y s h i f t a d j a c e n t j o b s t o s l i g h t l y l a t e r or e a r l i e r t i m e slots t o open a time s l o t o f s u f f i c i e n t l e n g t h .
The e f f i c i e n c y o f an interchange i s e v a l u a t e d
For a g i v e n i n t e r c h a n g e i.
I f t h e i n t e r c h a n g e i s e f f i c i e n t , g e n e r a t i o n o f This process i s i l l u s t r a t e d i n F i g . 4.
I f a time s l o t o f s u f f i c i e n t l e n g t h cannot be c r e a t e d f o r t h e l o n g e r j o b , t h e interchange i s r e j e c t e d . I f t h e l o n g e r j o b can be scheduled, t h e new sequence i s generated and s t o r e d for comparison w i t h o t h e r nodes o f t h e c u r r e n t g e n e r a t i o n . The h e u r i s t i c w i l l then e v a l u a t e t h e n e x t f e a s i b l e i n t e r c h a n g e f o r j o b 1, a p p l y i n g the same e f f ic i e n c y t e s t s .
Assuming a p r i o r i g e n e r a t i o n o f f e a s i b l e i n t e r c h a n g e and i n t e r f e r e n c e measure m a
Step 1:
Step 2:
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Step 4:
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Determine n e I f t i m e a v a i l a b l e i s o f s u f f i c i e n t l e n g t h for l o n g e r j o b , a l l o c a t e t i m e s l o t s and generate new o r d e r i n g . Update i n t e rchange m a t r i x and go t o Step 2. I f t i m e a v a i l a b l e i s i n s u f f i c i e n t , go t o Step 7. Attempt l a t e r a l s h i f t of j o b s a d j a c e n t t o d e s i r e d time s l o t t o e a r l i e r / l a t e r s t a r t i n g t i m e t o open s l o t o f s u f f i c i e n t l e n g t h . If l a t e r a l s h i f t f a i l s , update i n t e r c h a n g e m a t r i x and g o t o
Step 2. I f l a t e r a l s h i f t succeeds, a l l o c a t e t i m e s l o t s and generate new o r d e r i n g . Update i n t e r c h a n g e m a t r i x and go to Step 2.
A f u r t h e r e f f i c i e n c y enhancement may be r e a li z e d t h r o u g h g e n e r a t i o n o f an e f f i c i e n t i n i t i a l p a r e n t node f o r t h e d e c i s i o n t r e e . T h i s i s accomp l i s h e d v i a a p p l i c a t i o n of Stage I. The m a t r i x o f f e a s i b l e i n t e r c h a n g e s may i n d i c a t e t h a t s e l e c t e d p a i r s o f schedule elements a r e i n t e r c h a n g a b l e o n l y w i t h each o t h e r ; such elements a r e termed " p a i rr e s t r i c t e d " . An i m p o r t a n t f e a t u r e o f such i n t e rchanges i s t h a t t h e i r e x e c u t i o n can a f f e c t no o t h e r outcome o f interchanges. Thus, i f a p a i rr e s t r i c t e d i n t e r c h a n g e improves t h e i n i t i a l schedu l e s u p p l i e d t o t h e a l g o r i t h m , a more e f f i c i e n t s t a r t i n g sequence i s generated. Generation o f an e f f i c i e n t s t a r t i n g node may t a k e p l a c e p r i o r t o a more general examination o f t h e i n t e r c h a n g e m a t r i x f o r a l l i , as d e s c r i b e d above. However, s t r a i g h tforward, successive a p p l i c a t i o n s o f Stage I t o t h e i n i t i a l schedule w i l l a l s o r e s u l t i n t h e e v e n t u a l acceptance o f a l l e f f i c i e n t p a i r -r e s t r i c t e d i n t e r c h a n g e s .
HEURISTIC STAGE 11: SELECTION OF PARENT FOR NEXT GENERATION OF NODES
While t h e steps taken i n Stage I o f t h e h e u r i st i c reduce t h e number o f nodes i n t h e s c h e d u l i n g d e c i s i o n t r e e by 1 i m i t i n g nodes t o those r e p r e s e n ti n g o n l y f e a s i b l e and e f f i c i e n t sequences, i t i s s t i l l p o s s i b l e t h a t a g i v e n g e n e r a t i o n o f nodes w i l l c o n t a i n a l a r g e number o f members, p a r t i c ul a r l y i f t h e number o f j o b s to be scheduled i s l a r g e or i f t h e r e a r e few precedence c o n s t r a i n t s .
Thus, t o f u r t h e r reduce t h e s i z e o f t h e s c h e d u l i n g d e c i s i o n t r e e and y e t s t i l l o b t a i n a g o o d -q u a l i t y schedule, Stage I 1 o f t h e h e u r i s t i c s e l e c t s t h e dominant node o f t h e c u r r e n t g e n e r a t i o n . Stage I o f t h e h e u r i s t i c i s t h e n a p p l i e d to t h i s node i n c r e a t i n g t h e n e x t g e n e r a t i o n o f p o s s i b l e sequences. S e l e c t i o n o f t h e dominant p a r e n t node i s performed through automated p a i r e d comparison o f schedules. E x t e n s i v e work has been c a r r i e d o u t by M a l a k o o t i E61 on t h e use o f i n t e r a c t i v e p a i r e d comp a r i s o n between a l t e r n a t i v e s i n t h e assessment o f u t i l i t y f u n c t i o n s . However, automated p a i r e d comp a r i s o n i s a p p r o p r i a t e f o r t h i s problem because t h e q u a l i t y o f one schedule versus t h a t o f another may be r e a d i l y assessed by a s i n g l e q u a n t i t a t i v e u t i li t y measure. Preference r e s u l t s w i l l be t r a n s it i v e , g u a r a n t e e i n g t h a t s e l e c t i o n o f t h e dominant p a r e n t node t h r o u g h p a i r e d comparison w i l l n o t e l i m i n a t e a node t h a t m i g h t have been p r e f e r a b l e to o u r f i n a l c h o i c e .
each completed a p p l i c a t i o n o f Stage I; i . e . , a f t e r a new f e a s i b l e , e f f i c i e n t node has been generated. The new node w i l l be compared w i t h t h e b e s t node f o u n d so f a r , on t h e b a s i s o f a numeric index o f s o l u t i o n u t i l i t y . I f t h e newest node i s dominant, t h e e x i s t i n g b e s t node w i l l be r e p l a c e d . A t t h e b e g i n n i n g o f each new g e n e r a t i o n o f nodes, t h e c u rr e n t b e s t node w i l l be t h e dominant p a r e n t found i n t h e p r i o r g e n e r a t i o n . e r a t i o n o f nodes, t h e c u r r e n t b e s t node w i l l be t h e dominant p a r e n t f o r t h e n e x t g e n e r a t i o n .
S o l u t i o n u t i l i t y i s assessed on t h e b a s i s o f comparative o b j e c t i v e f u n c t i o n performance. The o b j e c t i v e v e c t o r o f t h e e x i s t i n g b e s t node and t h e o b j e c t i v e v e c t o r o f i t s p o t e n t i a l replacement a r e compared on an element-by-element b a s i s . Since o u r goal i s to reduce j o b -t o -j o b i n t e r f e r e n c e i n a l l n t i m e s l o t s , a simple measure i s d e f i n e d for o v e r a l l s o l u t i o n u t i l i t y :
Stage I 1 o f t h e h e u r i s t i c i s performed a f t e r A t t h e end of each new genn where 6 i j k
C1. i f t h e ith component o f t h e o b j e c t i v e i s lower i n v a l u e f o r s o l u t i o n j than t h e c o r r e s p o n d i n g o b j e c t i v e component f o r s o l ut i o n k } (0 o t h e r w i s e } Q12 t h u s p r o v i d e s a count o f t h e number o f
o b j e c t i v e v a l u e s t h a t a r e lower for s o l u t i o n 1 ( t h e b e s t s o l u t i o n so f a r ) than t h e i r c o u n t e r p a r t s f o r s o l u t i o n 2 ( t h e new node). Q21 p r o v i d e s a s i m i l a r index f o r t h e new node versus t h e b e s t node found so f a r . The s o l u t i o n t h a t i s p r e f e r r e d i s t h a t f o r which t h e maximum o f 412 and 021 i s a t t a i n e d , i . e . , t h e s o l u t i o n t h a t corresponds t o a g r e a t e r number o f lower o b j e c t i v e v a l u e s . I t i s p o s s i b l e t h a t a t i e w i l l r e s u l t . I n t h a t case, t h e s o l u t i o n w i t h t h e l o w e s t average o b j e c t i v e v a l u e o v e r n components i s considered dominant. I n t h e u n l i k e l y e v e n t t h a t a t i e r e s u l t s f o r t h i s p r e f e r e n c e measure, t h e e x i s t i n g b e s t s o l u t i o n i s r e t a i n e d . The Stages I
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Step 10:
5
The complete h e u r i s t i c , i n c o r p o r a t i n g b o t h and 11, may now be s t a t e d :
Generate a m a t r i x o f i n t e r f e r e n c e measu r e s , for a l l p o s s i b l e a d j a c e n t p a i r i n g s o f j o b s . Generate a m a t r i x o f f e a s i b l e i n t e rchanges from an e x i s t i n g schedule, u s i n g c o n d i t i o n s ( 3 . 9 ) t o (3.11). Examine m a t r i x f o r p a i r -r e s t r i c t e d i n t e rchanges. I f none a r e found, c o n t i n u e .
I f p a i r -r e s t r i c t e d i n t e r c h a n g e s e x i s t , a p p l y Stage I to c r e a t e e f f i c i e n t s t a r ti n g sequence. I f i n i t i a l sequence cann o t be improved, s t a r t i n g sequence i s i n i t i a l node s u p p l i e d t o h e u r i s t i c .
Update i n t e r c h a n g e m a t r i x , e l i m i n a t i n g b o t h accepted and r e j e c t e d i n t e r c h a n g e s . I f t h e m a t r i x i s nonempty, c o n t i n u e . I f n o i n t e r c h a n g e s a r e f e a s i b l e , stop. Best f e a s i b l e node has been found. Apply Stage I t o c r e a t e a new node (sequence). Compute s o l u t i o n u t i l i t y i n d i c e s 012 and Q21 f o r t h e b e s t s o l u t i o n t o d a t e , and i t s p o t e n t i a l replacement. I f Q12 * Q21, go t o Step 9.
Compute t h e average o b j e c t i v e f u n c t i o n v a l u e , o v e r t h e n components o f t h e o b j e c t i v e , v e c t o r , f o r t h e sequences r e p r e s e n t e d by each node. On t h e b a s i s o f t h e p r e f e r e n c e c r i t e r i o n , s e l e c t t h e dominant s o l u t i o n t h a t w i l l become t h e b e s t s o l u t i o n found t o d a t e ,
o f t h e c u r r e n t g e n e r a t i o n . I f t h e i n t e r c h a n g e m a t r i x has n o t y e t been examined f o r a l l j o b s i , go t o
Step 5. Otherwise, t h e c u r r e n t generat i o n i s complete; go t o Step 4.
APPLICATION OF THE HEURISTIC W I T H I N THE NASARC SOFTWARE PACKAGE Numerical Arc Segmentation A l g o r i t h m f o r a Radio Conference (NASARC)-i s a s o f t w a r e package developed a t t h e NASA/Lewis Research Center as a tool f o r use a t t h e 1988 World A d m i n i s t r a t i v e Radio
Conference f o r a l l o t m e n t p l a n n i n g o f s a t e l l i t e s i n t h e expansion frequency bands o f t h e F i x e d S a t e ll i t e S e r v i c e . NASARC u t i l i z e s h e u r i s t i c a l g o r i t h m s t o produce a c o l l e c t i o n o f o r b i t a l a r c segments, each shared by a group o f "Compatible" s a t e l l i t e systems. Systems a r e compatible i f t h e y e x e r t r e l a t i v e l y l i t t l e i n t e r f e r e n c e upon one another i n s p i t e o f minimal o r b i t a l s e p a r a t i o n . Each group o f c o m p a t i b l e s a t e l l i t e s , and i t s a s s o c i a t e d a r c segment, may be regarded as a s i n g l e u n i t . Each such u n i t must be p l a c e d -or "scheduled" -i n some port i o n o f t h e 360-degree g e o s t a t i o n a r y o r b i t a l a r c .
The g e o s t a t i o n a r y o r b i t a l a r c may be regarded as a f i n i t e continuous i n t e r v a l w i t h i n which a number o f a r c segments o f v a r y i n g l e n g t h must be accommodated. S a t e l l i t e systems e x e r t a degree of e l e c t r o m a g n e t i c i n t e r f e r e n c e upon one another t h a t i s l a r g e l y dependent on t h e p r o
h e r segments. Segment-to-segment i n t e r f e r e n c e can thus be q u a n t i f i e d i n terms o f t h e i n t e r f e r e n c e between systems a s s o c i a t e d w i t h each segment. The a r c segment placement problem i s t h e r e f o r e d i r e c t l y analogous t o t h e n-job, 1-machine s c h e d u l i n g problem, where t h e o b j e c t i v e i s t o m i n i m i z e t h e j o b -t o -j o b i n t e r f e r e n c e experienced by each o f t h e n j o b s .
I n o r d e r t o improve t h e arrangement o f such segments w i t h i n t h e g e o s t a t i o n a r y a r c , t h e h e u r i st i c d e s c r i b e d i n p r e v i o u s s e c t i o n s was implemented i n a module o f t h e NASARC s o f t w a r e package.
The module seeks an arrangement o f a r c segments t h a t r e s u l t s i n minimal i n t e r f e r e n c e between systems i n a d j a c e n t segments. tems w i t h i n a g i v e n a r c segment ( w i t h r e s p e c t t o systems i n immediately a d j a c e n t segments) can be e v a l u a t e d v i a a r e q u i r e d s e p a r a t i o n measure o f t h e t y p e d e s c r i b e d i n S e c t i o n 3. Segment-to-segment i n t e r f e r e n c e i s c h a r a c t e r i z e d as t h e n o r m a l i z e d o r b i t a l s e p a r a t i o n r e q u i r e d between systems i n a d j a c e n t o r b i t a l a r c segments as f o l l o w s :
The degree o f i n t e r f e r e n c e experienced by sys- 
i t a l s e p a r a t i o n s a t e l l i t e s i and
The q u a n t i t i e s WI and E 1 t h e q u a n t i t i e s a i j as d e f i n e d a r e determined by c a l c u l a t i o n p r o f t h e h e u r i s t i c . The h e u r i s t i c ment i n n o b j e c t i v e s f o r n a ZI = E 1 + WI , I=l, . . . , n r e q u i r e d between j a r e e q u i v a l e n t t o n S e c t i o n 3, and o r t o a p p l i c a t i o n w i l l seek improvec segments, i . e . , which a r e s i m i l a r t o t h e s e t of o b j e c t i v e s d e f i n e d by ( 3 . 1 ) .
An i n i t i a l arrangement o f a r c segments i s determined p r i o r to a p p l i c a t i o n o f the h e u r i s t i c . The h e u r i s t i c t h e n interchanges l o c a t i o n s o f p a i r s o f a r c segments (and t h e i r a s s o c i a t e d s a t e l l i t e systems)
. i n an a t t e m p t t o decrease i n t e r f e r e n c e between systems i n a d j a c e n t p o r t i o n s o f t h e o r b it a l a r c .
A m a t r i x o f f e a s i b l e segment interchanges i s f i r s t c r e a t e d . An i n t e r c h a n g e o f segments i s feas i b l e i f and o n l y i f t h e two segments meet t h e f o llowi ng c o n d i t i o n s :
(1) The f e a s i b l e a r c l o c a t i o n s a s s o c i a t e d w i t h each segment i n t e r s e c t by a t l e a s t t h e sum o f t h e r e q u i r e d a r c l e n g t h s for each segment.
( 2 ) The i n t e r s e c t i o n o f t h e f e a s i b l e a r c locat i o n s a s s o c i a t e d w i t h each segment encompass b o t h segments' c u r r e n t l y a l l o t t e d a r c l o c a t i o n s . These c o n d i t i o n s a r e those d e f i n e d f o r m a l l y by (3.9) t o (3.11), b u t have an a d d i t i o n a l p h y s i c a l i n t e r p r e t a t i o n for t h i s a p p l i c a t i o n . C o n d i t i o n (1) r e s t r i c t s o u r c o n s i d e r a t i o n o f a l t e r n a t i v e s t o meaningful a l t e r n a t i v e s . I f c o n d i t i o n ( 1 ) i s n o t met, t h e two segments a r e r e s t r i c t e d t o p o r t i o n s o f t h e o r b i t t h a t a r e s u f f i c i e n t l y d i s t a n t to i m p l y t h a t t h e a p p r o p r i a t e s e r v i c e areas cannot be served by a p p r o p r i a t e s a t e l l i t e s i f t h e l o c a t i o n s o f t h e segments a r e interchanged. C o n d i t i o n ( 2 ) ensures t h a t we may d i r e c t l y interchange segments i n o u r arrangement, s u b j e c t to minor adjustments f o r s l i g h t l y d i f f e r e n t l e n g t h requirements for t h e two segments.
The process d e s c r i b e d i n Sections 3 and 4 i s t h e n a p p l i e d t o t h e a r c segment arrangement problem. The m a t r i x o f f e a s i b l e interchanges i s exami n e d f o r p a i r -r e s t r i c t e d interchanges. Those r e s u l t i n g i n an improved arrangement a r e c a r r i e d o u t , and an e f f i c i e n t s t a r t i n g s o l u t i o n i s gene r a t e d . Examination o f t h e updated i n t e r c h a n g e m a t r i x then begins and new arrangements a r e genera t e d (Stage I) and e v a l u a t e d v i a p a i r e d comparison (Stage 11). F i n a l l y , when n o f u r t h e r interchanges a r e p o s s i b l e , t h e improved arrangement i s o u t p u t as t h e f i n a l arrangement o f a r c segments d e r i v e d by t h e NASARC software package.
use o f t h e a l g o r i t h m w i t h i n t h e NASARC s o f t w a r e . The NASARC package c o n s i s t s of four program modu l e s w i t h t h e above a l g o r i t h m r e s i d i n g w i t h i n t h e f o u r t h and f i n a l module. For t h e purpose o f comp a r i n g computation times and r e s u l t s a s s o c i a t e d w i t h t h e h e u r i s t i c , an a l t e r n a t e f o u r t h module was c o n s t r u c t e d w i t h a l l f e a t u r e s o f t h e h e u r i s t i c d i sabled. The complete package, b o t h w i t h and w i t ho u t t h e h e u r i s t i c , was then a p p l i e d to a s c e n a r i o t y p i c a l o f those for which t h e NASARC s o f t w a r e i s u t i 1 i z e d .
o u t t h e h e u r i s t i c demonstrates t h a t improvement i n o b j e c t i v e values i s o b t a i n e d a t c o m p a r a t i v e l y l i tt l e computational expense. An a d d i t i o n a l 25.43
CPU seconds o n an Amdahl 5860 r u n n i n g under t h e VM o p e r a t i n g system was r e q u i r e d when t h e h e u r i s t i c was u t i l i z e d . T h i s t i m e r e p r e s e n t s a somewhat cons e r v a t i v e measure o f t h e speed o f t h e h e u r i s t i c , s i n c e b o t h computational and noncomputational A s h o r t computational example i l l u s t r a t e s t h e A comparison o f r e s u l t s o b t a i n e d w i t h and w i t h -( i . e . , r e p o r t i n g ) f e a t u r e s a s s o c i a t e d w i t h t h e heur i s t i c were d i s a b l e d w i t h i n t h e a l t e r n a t e module. R e s u l t i n g arrangements o f a r c segments w i t h i n t h e g e o s t a t i o n a r y a r c , and t h e o b j e c t i v e values a s s o c ia t e d w i t h each, a r e p r e s e n t e d i n Table 1 . R e c a l l i n g t h a t t h e o b j e c t i v e i s one o f m i n im i z i n g an i n t e r f e r e n c e measure a s s o c i a t e d w i t h each a r c segment, Table 1 i l l u s t r a t e s t h a t o b j e ct i v e s f o r segments 3, 4, 15, 16, 17, 23 , and 24 a r e improved by a p p l i c a t i o n o f t h e h e u r i s t i c ; o b j e ct i v e s f o r segments 5 , 6, 18, 19, 20 , and 25 a r e s l i g h t l y worsened. However, t h e average improvement i n o b j e c t i v e v a l u e i s 0.76, which more than o f f s e t s t h e average d e g r a d a t i o n o f 0.23.
Examinat i o n o f r e s u l t s o b t a i n e d w i t h t h e h e u r i s t i c a l s o demonstrates t h a t a degree o f " l e v e l l i n g " o f o b j e ct i v e values t a k e s p l a c e . T h i s i s due t o t h e f a c t t h a t t h e h e u r i s t i c a l l o w s an i n t e r c h a n g e o f two schedule elements to proceed as l o n g as t h e improvement gained i n t h e o b j e c t i v e b e i n g examined o f f 
CONCLUSIONS
An h e u r i s t i c approach t o s o l u t i o n o f a c l a s s o f m u l t i o b j e c t i v e n-job, 1-machine s c h e d u l i n g problems has been p r e s e n t e d . The s c h e d u l i n g problem i s formulated as a d e c i s i o n t r e e search problem, w i t h a l t e r n a t i v e schedules r e p r e s e n t e d as a l t e r n a t i v e o r d e r i n g s o f j o b s . A l t e r n a t i v e o r d e r i n g s a r e repr e s e n t e d by nodes o f a d e c i s i o n t r e e . Each node i s reachable t h r o u g h f e a s i b l e and e f f i c i e n t i n t e rchange o f two schedule elements. approach t o g e n e r a t i o n and u t i l i t y assessment o f d e c i s i o n t r e e nodes i s two-stage.
Stage I o f t h e h e u r i s t i c ensures t h a t o n l y f e a s i b l e and e f f i c i e n t (improved) nodes a r e generated. Stage I 1 o f t h e h e u r i s t i c ensures t h a t o n l y t h e most p r o m i s i n g pare n t node o f t h e c u r r e n t g e n e r a t i o n o f nodes i s s e l e c t e d f o r a p p l i c a t i o n o f Stage I f n c r e a t i o n o f t h e n e x t g e n e r a t i o n o f nodes. o f t h e Numerical Arc Segmentation A l g o r i t h m for a Radio Conference (NASARC), a s o f t w a r e package developed f o r s a t e l l i t e systems p l a n n i n g purposes. The problem f o r m u l a t i o n and h e u r i s t i c have import a n t advantages i n t h i s a p p l i c a t i o n . The problem f o r m u l a t i o n a l l o w s s u b s t a n t i a l s i m p l i f i c a t i o n o f i n t e r f e r e n c e r e l a t i o n s h i p s and s o l u t i o n approach. The c o m p l e x i t y o f c a l c u l a t i n g i n t e r f e r e n c e r e l at i o n s h i p s for a l a r g e number o f s a t e l l i t e systems i s avoided t h r o u g h t h e use o f worst-case r e q u i r e d s e p a r a t i o n s as an i n t e r f e r e n c e measure i n c a l c u l at i n g o b j e c t i v e f u n c t i o n values. i s c e r t a i n l y n o t unique t o t h i s f o r m u l a t i o n ( i . e . , see 151). i t i s an i m p o r t a n t f e a t u r e . I t i s expect e d t h a t t h i s f e a t u r e o f t h e problem f o r m u l a t i o n may be a p p l i c a b l e t o a wide v a r i e t y o f s c h e d u l i n g problems where m i n i m i z a t i o n o f j o b -t o -j o b i n t e r f e rence i s sought. The h e u r i s t i c i s w e l l s u i t e d t o t h i s t y p e o f problem because we seek improvement o f an i n i t i a l s o l u t i o n r a t h e r t h a n a b s o l u t e o p t i m a l i ty. The h e u r i s t i c a l l o w s a l i m i t e d degree o f automated,
The h e u r i s t i c
The h e u r i s t i c has been implemented i n a module While t h i s approach rule-based decision-making a p p r o p r i a t e to a m u l t io b j e c t i v e problem v i a f o r m u l a t i o n o f improvement measures f o r Stage I and f o r m u l a t i o n o f p r e f e r e n c e c r i t e r i a i n Stage 11. Since the h e u r i s t i c t r e a t s the s c h e d u l i n g problem as an o r d e r i n g problem, v a ri a b l e s d e s c r i b i n g e x a c t p o s i t i o n s o f each schedule element need n o t be d e a l t w i t h , o t h e r than t o t h e e x t e n t needed i n making minor adjustments to accomp l i s h an i n t e r c h a n g e . The h e u r i s t i c a l s o tends t o l e v e l o b j e c t i v e f u n c t i o n values, which i s a d e s i ra b l e f e a t u r e i n cases where e q u i t a b l e t r e a t m e n t o f schedule elements ( i n terms o f o b j e c t i v e f u n c t i o n v a l u e achieved) i s a concern. The h e u r i s t i c prov i d e s an e a s i l y implemented and e f f i c i e n t means o f a c h i e v i n g the goal o f an improved solution,' w i t h o u t dependence on system-resident o p t i m i z a t i o n packages This f e a t u r e was p a r t i c u l a r l y i m p o r t a n t f o r NASARC, which was i n s t a l l e d on a v a r i e t y o f computer systems throughout t h e w o r l d and was r e q u i r e d t o p r oduce c o n s i s t e n t r e s u l t s o v e r a l l systems on which i t was implemented. I t i s expected t h a t these advantages would a p p l y i n t h e s o l u t i o n o f scheduli n g problems for a v a r i e t y o f o t h e r a p p l i c a t i o n s .
